The hypothesis that ultrasound increases antibiotic transport through biofilms of Escherichia coli and Pseudomonas aeruginosa was investigated using colony biofilms. Biofilms grown on membrane filters were transferred to nutrient agar containing 50 µg/ml gentamicin. A smaller filter was placed on top of the biofilm and a blank concentration disk was situated atop the filter. Diffusion of antibiotic through the biofilms was allowed for 15, 30, or 45 min at 37°C. Some of these biofilms were exposed to 70-kHz ultrasound and others were not. Each concentration disk was then placed on a nutrient agar plate spread with a lawn of E. coli. The resulting zone of inhibition was used to calculate the amount of gentamicin that was transported through the biofilm into the disk. The E. coli and P. aeruginosa biofilms grown for 13 and 24 h were exposed to two different ultrasonic power densities. Ultrasonication significantly increased the transport of gentamicin through the biofilm. Insonation of biofilms of E. coli for 45 min more than doubled the amount of gentamicin compared to their noninsonated counterparts. For P. aeruginosa biofilms, no detectable gentamicin penetrated the biofilm within 45 min without ultrasound; however, when insonated (1.5 W/cm 2 ) for 45 min, the disks collected more than 0.45 µg antibiotic. Ultrasonication significantly increased transport of gentamicin across biofilms that normally blocked or slowed gentamicin transport when not exposed to ultrasound. This enhanced transport may be partially responsible for the increased killing of biofilm bacteria exposed to combinations of antibiotic and ultrasound.
Introduction
Bacteria within biofilms characteristically exhibit increased resistance to a wide range of antimicrobial agents compared to their planktonic counterparts. Costerton et al. speculated that this increased resistance to antimicrobials is the result of changes in bacterial metabolism and genetic expression associated with sessile growth.
1 In addition to phenotypic changes, biofilms may bind or slow the transport of antibiotics, protecting the enclosed bacteria from exposure to lethal levels of antimicrobials.
2,3 Furthermore, biofilms contain metabolically inactive cells and "persister" cells that are not responsive to conventional antibiotics. 4 Whatever the cause, the decreased antimicrobial susceptibility renders normal antimicrobial chemotherapy ineffective in the treatment of biofilm-related implant infections. We are investigating a noninvasive means of enhancing antimicrobial agents to more easily treat clinical biofilm infections. Previously, our laboratory has reported that low-frequency ultrasound effectively enhanced the action of certain antibiotics in killing bacterial biofilms in vitro and in vivo. [5] [6] [7] [8] [9] [10] [11] The results of these previous experiments are promising; however, we have yet to identify the molecular mechanism of this phenomenon. Drawing on previous research, we hypothesized that ultrasound increases the transport of certain antibiotics through biofilms of Escherichia coli and Pseudomonas aeruginosa.
9,12
Herein we report the results of experiments designed to test this hypothesis.
Previous research investigating the effect of biofilms on antimicrobial transport has shown that biofilms sometimes slow but seldom completely block the transport of antibiotics. 4 Dunne et al. examined the diffusion of vancomycin and rifampin across a biofilm of Staphylococcus epidermidis using an equilibrium dialysis chamber.
13 After 24 h, the concentration of both antimicrobials exceeded their respective minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) in the receiving side of the dialysis chamber. Similarly, Darouiche et al. found high concentrations of vancomycin in biofilms of S. epidermidis after exposure to the antimicrobial for 24 h.
14 Yasuda et al. studied the effect of clarithromycin on the structure of biofilms formed by P. aeruginosa and on the transport of ofloxacin and gentamicin across the biofilms. 15, 16 The biofilms that were formed by incubating filters with P. aeruginosa for 10 days exhibited reduced permeability of both ofloxacin and gentamicin. In addition, Anderl et al. found that ciprofloxacin reached the MIC throughout biofilms of wild-type Klebsiella pneumoniae in 20 min, but antibiotically active ampicillin failed to diffuse through the biofilm.
17 However, ampicillin readily diffused through biofilms of mutant K. pneumoniae unable to express -lactamase. Walters et al. reported that both tobramycin and ciprofloxacin diffused across P. aeruginosa biofilms, given enough time.
18 Ciprofloxacin readily crossed the biofilm, but tobramycin took much longer. Nevertheless, it did reach a concentration five times the MIC after 36 h. Generally, it seems that antibiotics penetrate and cross biofilms. However, enzymatic degradation or ionic bonding may be responsible for inhibited transport across biofilms of K. pneumoniae and P. aeruginosa biofilms in the case of ampicillin and tobramycin, respectively.
In an attempt to model the diffusion of antibiotics through the alginate produced by P. aeruginosa in patients with cystic fibrosis, Williams et al. 19 used a diffusion assay test with alginate that had been exposed to 50-kHz ultrasound at fairly high intensities. Increasing the duration and the intensity of insonation increased the diffusion of tobramycin, piperacillin, and ciprofloxacin through the alginate. The increase in diffusion was attributed to a decrease in the viscosity of the alginate as the alginate was fragmented by the intense insonation.
Interaction of gentamicin with the outer membrane of distal cells in the biofilm, as well as uptake of the antibiotic by the cells or binding by exopolysaccharides in the matrix, could significantly increase the amount of time required for cells in the center of biofilm microcolonies to be exposed to inhibitory or bactericidal levels of gentamicin. This finding is significant because P. aeruginosa and several other aerobic and facultative gram-negative bacilli exhibit transient aminoglycoside resistance in response to exposure to extremely low concentrations of aminoglycosides. 20, 21 It is possible that transient antibiotic resistance exhibited by sessile bacteria could result from early exposure to sub-MIC concentrations of the antibiotic that subsequently upregulates resistance mechanisms. Ultrasound is known to enhance the transport of small molecules across polymer membranes and gels. 22, 23 If similar transport enhancements occur in biofilms, then increased transport might saturate available binding sites more rapidly, increase the concentration of gentamicin in proximity to sequestered bacteria, and thus reduce exposure of bacteria to sub-MIC concentrations.
Materials and methods
Bacterial strains, media, and antibiotics
Cultures of E. coli (ATCC 10798) and P. aeruginosa (ATCC 27853) were grown on nutrient agar (NA). Planktonic cultures were grown in tryptic soy broth without dextrose (TSB; Difco, Detroit, MI, USA). Gentamicin sulfate (Sigma, St. Louis, MO, USA) was reconstituted in distilled water, filter-sterilized, and added to molten agar that had been cooled to 49°C. Physiological saline solution (PSS) was made by dissolving 9 g NaCl in 1 l distilled water followed by autoclave sterilization. The gentamicin MIC values for planktonic suspensions of the E. coli and P. aeruginosa are 12 and 3 µg/ml, respectively. These values are very similar to values reported elsewhere. 10, [24] [25] [26] [27] [28] [29] Standard concentration disks Standard concentration disks were made by loading blank concentration disks (Becton Dickinson, Sparks, MD, USA) with 0.5, 1, 2, 4, 6, 8, 10, or 12 µg gentamicin as follows. Gentamicin was diluted in sterile distilled water to the desired concentration. Blank concentration disks were placed in sterile polystyrene Petri dishes and wetted by pipette with 20 µl of the prepared gentamicin solution. The Petri dishes were refrigerated for 48 h to dry the disks; after this, the disks were placed in sterile vials and refrigerated until use.
Diffusion experiments
These experiments employed an adaptation of the experimental setup described by Anderl et al. 17 GN-6 Metricel membrane filters of 25 mm diameter (Pall Gelman, Ann Arbor, MI, USA) were placed on NA and inoculated in the center with 10 µl inoculation culture. This culture was created by diluting 10 µl overnight culture in 990 µl TSB. The filters were then incubated for 13 or 24 h at 37°C.
After incubation, the filters and their accompanying biofilm were transferred to different NA plates containing 50 µg/ml gentamicin. A 13-mm GN-6 Metricel filter was placed over the biofilm and a blank concentration disk was positioned on top of the upper filter of the sandwiched biofilm. The concentration disk was wetted with 40 µL TSB, and the plates were exposed to ultrasound or sham (no ultrasound) at 37°C for 15, 30, and 45 min. To apply ultrasound, the gentamicin plates were floated on the surface of water in an ultrasonic bath (SC-100; Sonicor, Copiaque,
